1.. Introduction
================

Medicine, law enforcement, national security, environmental compliance and industrial processes monitoring and control are among the large number of applications that require chemical sensing capabilities. These applications require sensitive, non-destructive, rapid detection and quantification of the chemicals of interest \[[@b1-sensors-06-01308]\]. Most chemical sensing methods are expensive, time consuming, and/or limited in the sampling and analytical techniques which can be applied \[[@b2-sensors-06-01308]\]. Furthermore, only a few laboratory-based sensing techniques have been demonstrated for long-term field measurement applications \[[@b3-sensors-06-01308]\].

Optical sensing techniques have some inherent advantages over other non-optical sensing techniques. Among these advantages are: (a) immunity to electromagnetic interference since the optical components are highly electrically resistive materials, (b) insensitivity to environmental variations such as temperature and pressure for certain optical sensor designs, and (c) the capability of sensing without having the electronic components located at the measurement environment. Furthermore, the ready availability and continuous development of optical components and instrumentation from the optical communication industry provides an economic advantage to optical sensors. In addition, the use of optical waveguides can provide lower losses over long distances, adding more advantage to the broad area of optical sensing. Optical waveguides can be produced from different materials such as glass, plastic and single crystals. They are relatively inexpensive (except for certain single crystal fibers), robust, flexible, chemically inert, and biocompatible. They also have small physical dimensions, and can be sterilized. Waveguides, such as optical fibers, planer waveguides and hollow-core waveguides, can deliver light to and from the active sensing element over large distances at different locations via multiplexing. This enables real-time, on-line, and multipoint monitoring of large structures and sensing in remote areas that are hazardous, hostile, or difficult to access \[[@b4-sensors-06-01308]\].

Since the invention of optical fibers, research groups have developed various types of optical fiber based sensors \[[@b5-sensors-06-01308]\]. These sensors can be categorized based on light modulation into interferometric and spectroscopic sensors \[[@b6-sensors-06-01308]\]. Fiber Bragg Gratings (FBG\'s) sensors are the most common types of the interferometric sensors and they make up a significant part of the recent publications on optical fiber sensors \[[@b5-sensors-06-01308]\]. Evanescent Field Absorption (EFA) sensors, which fall under the spectroscopic sensors category, are considered to be the most published type of optical fiber sensor \[[@b7-sensors-06-01308]\]. Hollow-core optical waveguides enabled the development of small sample cell (SC) sensors. Optical fiber based SC sensors are considered to be another type of spectroscopic sensors. All SC sensors reported in \[[@b8-sensors-06-01308]-[@b13-sensors-06-01308]\] have cell volumes in the 100\'s of microliters (μL) range, which is relatively large especially in the age of nanotechnology. However, our research group recently reported a SC sensor for multigas sensing with a cell volume of 3.5 μL \[[@b14-sensors-06-01308]\]. The goal of this work has been to develop and demonstrate a SC gas sensor that has a cell volume in the nanoliter (nL) or sub-nL size range.

Sensor\'s principle of operation
--------------------------------

The use of infra-red (IR) technology in gas sensing is considered one of the most important technologies in industrial, environmental, and safety monitoring \[[@b15-sensors-06-01308]\]. It has been used to provide high-resolution, non-destructive, sensitive, and fast detection and quantification of technologically important chemical species \[[@b1-sensors-06-01308]\]. For the past 15 years, it has been demonstrated, as discussed above, that optical fiber based SC sensors are capable of detecting single and/or multiple gases that have absorption spectra in the near infrared region. This includes O~2~, NO~2~, HF, HBr, H~2~O, C~2~H~2~, HI, NH~3~, CO, CO~2~, H~2~S, CH~4~, and HCl \[[@b16-sensors-06-01308]\]. In general, when the IR radiation passes through a gas cell, a part of the radiation energy will be absorbed by the gas molecules resulting in distinctive absorption bands in the absorption spectrum which allows identification of the chemical species (See [figure 1](#f1-sensors-06-01308){ref-type="fig"}). This spectrum results from the vibrational and rotational energies of the particular species being measured. Incident light, with a frequency equal to one of the vibrational or rotational energies of the species being considered, can be absorbed by the gas species.

As shown in [Figure 1](#f1-sensors-06-01308){ref-type="fig"}, features 4 and 5 represent the separation of the line\'s maximum into two maxima. This phenomenon is explained by the isotope effect. The shift of maximum line position is due to the fact that the two isotopes have two different masses. The simultaneous presence of acetylene isotopes gives rise to the splitting of the line maximum \[[@b17-sensors-06-01308]\]. This ability to separate out even the isotopes of the same gas chemistry shows the tremendous resolving power in the wavelength domain that is afforded by this SNSC type of optical sensor design.

The SNSC sensor consists of an IR source, a gas cell, and an IR detector. An optical fiber, acting as a transmission medium, delivers the IR radiation to the micro capillary tubing which serves in an analogous fashion to the traditional gas cell. The light passes through the sample contained in the micro capillary tubing to another optical fiber, acting as a receiver, which delivers the altered IR radiation to the detector (See [figure 2](#f2-sensors-06-01308){ref-type="fig"}).

Near-IR spectroscopy is governed by the Beer-Lambert law. In mathematical terms, this relation is expressed as $$A = \mathit{\varepsilon}cl$$where *A* is the absorbance of the sample, *c* is the concentration, *l* is the path length of the sample, and ε is a constant that depends on the absorptivity of the species at a particular wavelength. Absorbance is defined as the logarithmic ratio of the intensity of the incident to detected light. In addition, light attenuation should be considered when fabricating a gas cell out of dielectric hollow-core optical waveguide. It has been shown by Miyagi and Nishida that the attenuation constant is related to the wavelength of the light and the hollow core radius by $$\alpha \propto \frac{\lambda^{3}}{r^{4}}$$where *α* is the attenuation constant, *λ* is wavelength, and *r* is the inner radius of the hollow waveguide \[[@b18-sensors-06-01308]\].

This means that in very small core hollow waveguides there will be more light propagating in the glass wall than in the hollow core. From [equations 1](#FD1){ref-type="disp-formula"} and [2](#FD2){ref-type="disp-formula"}, one can see that there are trade-offs to be considered in the design of the sensor. The price of decreasing the gas cell dimensions is a decrease in absorbance and an increase in light attenuation. Thus, small gas cell design requires good signal processing techniques to improve signal-to-noise (S/N) ratios. Furthermore, limiting the number of gases to be detected, that is, using a narrow-linewidth optical source increases the value of the absorptivity coefficient. Therefore, it is extremely difficult to realize a sensor with a nL volume gas cell without sacrificing the sensitivity of the sensor and limiting the number of gases to be detected simultaneously.

2.. Experiment
==============

Sensor fabrication and experimental setup
-----------------------------------------

The dimensional limitation imposed by [equations 1](#FD1){ref-type="disp-formula"} and [2](#FD2){ref-type="disp-formula"} necessitate the determination of the dimensional lower limits of the gas cell. The geometrical shape of the cell is cylindrical where the area of the base is equivalent to the area of the cross section of the hollow core and the cylinder\'s height is equivalent to the optical path length. The objective of the experimental setup below is to establish the minimum bore size and optical path length for the nL volume SC sensor. This setup is also intended to determine the sensitivity and response time of the sensor.

Due to the small dimensions of the sensors, the construction of the sensors was done with the aid of an optical microscope. The sensors were fabricated by using hollow fused silica micro capillary tubes from Polymicro Technologies, LLC, and SMF-28 single-mode fibers from Corning, Inc. Openings on the surface at the middle of the tubes were made for the gas to flow in and out the micro capillary tubings. A mid-range 50 mJ Excimer Laser MSX-250 from MPB Technologies Inc. was used to produce the holes in the capillary tubes. The tubes were then flushed with acetone to wash away any glass debris which resulted from the hole making process. For tubes with bore sizes larger than 125 μm, the transmitter and receiver fibers were inserted in the tube and sealed with epoxy. For tubes with bore size smaller than 125 μm the transmitter and receiver fibers were bonded to the ends of the tube by fusion bonding made by Sumitomo Type-36 Fusion Splicer. All fabricated sensors were inspected visually under the microscope before testing.

The details of the experimental apparatus to control the admission of gases and removal of gases from the sensor regions have been described previously \[[@b14-sensors-06-01308]\]. In fact, the same apparatus was used in this study (See [Figure 3](#f3-sensors-06-01308){ref-type="fig"}). It consists of an assembly of stainless-steel pipes connected through valves to an acetylene gas tank and a vacuum pump. To test the sensor, the sensor was installed in one of the stainless-steel pipes and sealed with epoxy. A component testing system (CTS) from Micron Optics Inc. was used as an optical interrogation system. The high-resolution swept laser system contains a fiber ring laser that is continuously swept from 1520 to 1570 nm and has dynamic range of detection capability of more than 60 dBm. The choice of acetylene as a testing gas was a matter of convenience. Any gas or a mixture of gases that have absorption spectra in 1520 to 1570 nm range would be able to be detected by the sensor. Acetylene has been typically used in testing near infrared sensors \[[@b14-sensors-06-01308]-[@b16-sensors-06-01308], [@b19-sensors-06-01308]-[@b22-sensors-06-01308]\].

Before starting the experiment, the setup was evacuated for 3 minutes using a vacuum pump and then filled with acetylene gas to the desired pressure. The stainless-steel pipes have large enough inner diameter to house several sensors, thus, enabling multiple sensors with different gas cell dimensions to be tested under the same conditions. For the response time study, the measurement was done by purging the gas and collecting spectra data at timed intervals.

3.. Results and Discussion
==========================

To determine the minimum bore size for the SNSC sensor gas cell, five sensors with the same optical path length of 50 mm and bore size ranging from 2 μm to 134 μm were fabricated and tested under a static pressure of 10 Psi and at room temperature. [Table 1](#t1-sensors-06-01308){ref-type="table"} lists the gas cell bore sizes with their corresponding volumes. Because the absorption spectra consist of a series of absorption lines in two sets, the average of odd number absorption lines of the P-branch that are conventionally labeled from P(1) to P(19) were used to report the results shown in [figure 4](#f4-sensors-06-01308){ref-type="fig"}. This was done for consistency purposes. Each data point in the [figure 4](#f4-sensors-06-01308){ref-type="fig"} represents the average intensity magnitude of the selected 10 absorption lines. The results show a significant drop in the absorption intensity for the 10 μm and 2 μm bore size sensors. The reason for such drop in intensity can be attributed to the fact that more light propagates in the glass wall than in the hollow core. Thus, for reliable detection, the minimum bore size for the gas cell in the SNSC sensor should be around 25 μm.

To determine the minimum path length for the gas cell of the SNSC sensor, nine sensors with path lengths ranging from 125 μm to 250 mm were fabricated and tested under a static pressure of 20 Psi at room temperature. [Table 2](#t2-sensors-06-01308){ref-type="table"} lists the gas cell path lengths with their corresponding volumes. Similar to the bore size study, the odd number lines from P(1) to P(19) were measured in each of the nine sensors spectra and then averaged. The results are shown in [figure 5](#f5-sensors-06-01308){ref-type="fig"}. Each data point in the [figure 5](#f5-sensors-06-01308){ref-type="fig"} also represents the average intensity magnitude of the selected 10 absorption lines. The absorption intensities were below the detection limits of the optical interrogation system used for the 0.125 mm path length (not shown in [figure 5](#f5-sensors-06-01308){ref-type="fig"}). The 1 mm path length sensor showed an average intensity of about 0.18 dBm whereas the 250 mm path length sensor showed an average intensity of 21.6 dBm. Thus, for reliable detection, the minimum path length for the gas cell in the SC sensor should be around 1 mm. According to the results presented, a SC sensor with a gas cell volume as small as 0.5 nL can reliably produce absorption lines above the noise level of the system.

To compare the sensitivity of the sub-nL volume sensor to the μL volume sensor, the response of the two sensors to different levels of applied pressure of acetylene was investigated. This was done by fabricating two sensors. One with 3.5 μL volume gas cell and another with 0.5 nL volume gas cell. It should be noted that the two sensors are made of the same material and have similar structures. The major difference between the two is the gas cell volume. As expected from [equation 1](#FD1){ref-type="disp-formula"}, the results shown in [figure 6](#f6-sensors-06-01308){ref-type="fig"} and [figure 7](#f7-sensors-06-01308){ref-type="fig"} demonstrate that the two sensors response in similar manner but the magnitude of the response is not the same. The objective here is to demonstrate that the sub-nL volume sensor is capable of detecting different concentrations of acetylene. It should be noted that the sensor was also capable of detecting low concentrations as shown by the data point below zero relative pressure.

Moreover, pressure broadening effect was observed when the spectra of different pressure levels were superimposed. Zooming in at any of the absorption lines reveals the pressure broadening effect. The broadening of absorption lines in a spectrum occurs as a result of collisions between excited molecules \[[@b23-sensors-06-01308]\]. Pressure broadening, also known as collision broadening, is demonstrated in [figure 8](#f8-sensors-06-01308){ref-type="fig"}. In this figure, the red, green and blue lines represent spectra at pressure levels: below atmospheric pressure, at atmospheric pressure, and 5 Psi respectively.

If we ignore all other broadening mechanisms, the absorption lines have natural width. The line width of an absorption line in a spectrum is governed by the Heisenberg uncertainty principle.

$$\textit{Linewidth}_{\textit{natural}} = \frac{1}{2\pi\mspace{2mu} c\Delta t}$$where *c* is the speed of light and Δ*t* is the lifetime of the excited state. However, natural broadening is not considered in the determination of the width of the lines. Only, Doppler, collision broadening or their combination is considered in line width calculations. The Doppler Effect occurs due to the direction of motion of individual molecules with respect to the light passing through it. Doppler broadening varies with temperature and molecular weight but it is independent of pressure. On the other hand, collision broadening is linearly proportional to the pressure. Collision broadening determines the profile of the absorption line when the gas present is at certain pressure level. The half-width pressure broadening is given by $$\textit{Linewidth}_{\textit{collision}} = \textit{Linewidth}_{\textit{atmosphere}}\ p$$where *p* is the pressure and *Linewidth~atmoshere~* is the half-width at 1 atmospheric pressure \[[@b24-sensors-06-01308]\]. The pressure broadening effect observed in [figure 8](#f8-sensors-06-01308){ref-type="fig"} could be valuable since it gives information about the pressure of the detected gas.

To compare the response time of the SNSC sensor to the μL volume sensor, the time required for the acetylene gas to diffuse out of the gas cell for the two sensors was measured. The decay curves shown in [figures 9](#f9-sensors-06-01308){ref-type="fig"} and [10](#f10-sensors-06-01308){ref-type="fig"} correspond to the response time of the μL and sub-nL sensors respectively. The response time measurement is limited by the time required to open the gas valve and acquire the transmission signal. It takes at least 10 seconds for the operator to open the valve and start taking snap shots of the spectrum. It appears as the sensor has almost instantaneous response to change in concentration. The absorption line intensity drops sharply as soon as the gas starts to flow out of the gas cell. Since the gas is under pressure, the flow rate decays exponentially with time as the pressure in the gas cell gets equalized.

The minimum detectable concentration can be derived by manipulating [equation 1](#FD1){ref-type="disp-formula"} and is written as $$C_{\min} = \frac{\left( \frac{I_{o} - I}{I_{o}} \right)_{\min}}{\left( {\mathit{\varepsilon}l} \right)_{\max}}$$where *C*~min~ is the minimum detectable concentration, *I~o~* is the incident light intensity, *I* is the detected light intensity, *l* is the optical path length, and *ε* is a constant that depends on the absorptivity of the species at a particular wavelength. [Equation 5](#FD5){ref-type="disp-formula"} reveals that the detection limit is determined by the path length and the S/N ratio in the spectrum. Since only lines above the noise level in a spectrum can be detected, the reduction of noise can directly correspond to an increase in the detectability. The noise level is a function of the detector, number of scans, spectral resolution and source intensity. The interrogation system used in this work has an extremely low-noise laser source and can resolve wavelengths down to 0.25 pm. Thus, the system should produce a very low noise level. Additional noise reduction could be accomplished by using longer measurement time. This was done by setting the system to sweep across the spectrum at a rate of 0.5 Hz instead of default 5 Hz scan rate.

By using the high-resolution interrogation system a detectable intensity change as small as 0.01 dBm can be observed. For the μL volume sensor (250mm path length) and assuming *ε* = 0.725 cm^-1^ for acetylene, the minimum detectable concentration is less than 10 ppm. For the SNSC sensor, the minimum detectable concentration is around 1000 ppm. For reference, the standard minimum detection limit as reported in \[[@b25-sensors-06-01308]\] for acetylene in a 100 m path length measured in air is 0.15 ppm.

Conclusions
===========

In this work, an optical fiber SC sensor with gas cell in the sub-nL volume range has been fabricated and tested. The experimental results demonstrated the capabilities of the miniature gas sensor. The sub-nL SC sensor currently has not achieved the same sensitivity as the currently available gas sensors but it offers simple, real-time, inexpensive, robust, flexible, miniature, chemically inert, and biocompatible sensor for applications that does not require high sensitivity. Further research may allow an increase in the sensitivity of this newly demonstrated sensor. The sensor\'s performance in harsh environments will be also evaluated in future work.
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###### 

Gas cell bore sizes with their corresponding volumes at fixed path length of 50 mm.

  **Bore size (μm)**   **Gas cell volume (nL)**
  -------------------- --------------------------
  2                    0.16
  10                   3.93
  25                   24.5
  75                   221
  134                  705

###### 

Gas cell path lengths with their corresponding volumes at fixed bore size of 134 μm.

  **Path length (mm)**   **Gas cell volume (nL)**
  ---------------------- --------------------------
  0.125                  1.76
  1                      14.1
  2                      28.2
  5                      70.5
  10                     141
  15                     211
  50                     705
  100                    1410
  250                    3520

[^1]: E-mails: Home page: [www.ee.vt.edu/∼photonics](www.ee.vt.edu/~photonics)
